Background: Proper cell surface location of TrkA is crucial for NGF-mediated functions; however, the mechanisms modulating TrkA surface levels remain unclear. Results: Syntaxin 8 increases TrkA surface levels and modulates inflammatory pain transmission. Conclusion: Syntaxin 8-regulated TrkA surface targeting is essential for NGF-mediated functions. Significance: These findings advance our understanding of the mechanisms of TrkA surface targeting and pain transmission.
Neurotrophins are important regulators of neural survival, development, synapse formation, and synaptic plasticity (1, 2) . Nerve growth factor (NGF) was the first neurotrophin identified, and it plays pivotal roles in both embryonic development and the adult functions of certain target neurons, especially in the peripheral nervous system (3) . NGF signaling occurs through two distinct receptors, p75 NTR and TrkA. Although p75 NTR binds to all neurotrophins with similar affinities, TrkA receptors display selectivity toward NGF (4, 5) . NGF binds the extracellular domain of TrkA, initiating receptor phosphorylation and activating downstream signal transduction cascades, including the Ras/mitogen-activated protein kinase (MAPK) and PI3K/protein kinase B (Akt) pathways (6) . Therefore, NGF-mediated signal transduction and biological functions appear to be determined at least partially by the levels of TrkA receptors at the plasma membrane. The cell surface levels of TrkA depend on two opposite processes as follows: newly synthesized TrkA receptor insertion into the plasma membrane and TrkA endocytosis from the cell membrane. The removal of TrkA receptors from the plasma membrane by endocytosis has been studied in detail (7) (8) (9) . However, the mechanism underlying the insertion of newly synthesized TrkA receptors into the plasma membrane is less well understood.
To uncover novel TrkA-interacting proteins and learn more about the mechanisms that modulate TrkA surface localization, a yeast two-hybrid assay was performed, and it identified several candidate TrkA-associated proteins, one of which was syntaxin 8 (STX8). STX8 is a member of the Q-SNARE family (Q-soluble N-ethylmaleimide-sensitive factor attachment protein receptor), and Q-SNAREs mediate membrane fusion through interactions with their cognate R-SNARE partners to form organelle-specific docking and fusion complexes in eukaryotic cells (10, 11) . Syntaxins as Q-SNARE members interact with a wide range of receptors and dynamically regulate their trafficking (i.e. insertion, internalization, recycling, and degradation). For example, syntaxin 16 mediates recycling of the cyclic AMP-dependent chloride (cystic fibrosis transmembrane conductance regulator) channels and regulates their surface levels in polarized epithelial cells (12) . Syntaxin 6 affects the Golgi-related transport and cell surface levels of vascular endothelial growth factor receptor 2 (VEGFR2) (13) . A recent study suggested that STX8 regulates cystic fibrosis transmembrane conductance regulator channels trafficking and its chloride transport activity (14) .
In light of the interaction between STX8 and TrkA and the annotation of STX8 as a member of the protein-trafficking Q-SNARE family, we addressed the possibility that STX8 might regulate TrkA intracellular trafficking. Our study showed that STX8 regulates TrkA cell surface levels by promoting TrkA trafficking from the Golgi to the plasma membrane.
EXPERIMENTAL PROCEDURES
Reagents and Antibodies-Murine recombinant NGF was purchased from Harlan Bioproducts for Science (Indianapolis, IN) . Rabbit anti-TrkA and anti-TrkB antibodies were from Millipore (Temecula, CA); polyclonal anti-Trk (C-14) antibody was from Santa Cruz Biotechnology (Santa Cruz, CA); mouse anti-STX8 antibody was from BD Biosciences Pharmingen (San Jose, CA); mouse anti-FLAG, anti-Akt, anti-tubulin, and rabbit anti-HA antibodies were from Sigma; rabbit anti-phospho-TrkAY490, anti-ERK1/2, anti-phospho-AktS473, and mouse anti-phospho-ERK1/2 were from Cell Signaling Technology (Beverly, MA); rabbit anti-active caspase-3 antibody was from Abcam (Cambridge, MA). Horseradish peroxidase (HRP)-conjugated goat anti-mouse and anti-rabbit IgG were from Calbiochem; Alexa Fluor-488-or 594-conjugated goat anti-mouse or anti-rabbit IgG (HϩL) were from Invitrogen. The restriction enzymes were from MBI Fermentas (Hanover, MD), and sulfo-NHS-biotin and sulfo-NHS-S-S-biotin were purchased from Pierce. All cell culture reagents were from Invitrogen. The other reagents were obtained from Sigma.
Plasmid Constructs-The coding region of rat full-length TrkA or TrkB cDNAs with an N-terminal FLAG epitope tag added after the signal peptides by PCR were subcloned into the pEGFP-N1 and pCDNA3.1 expression vectors (Invitrogen), respectively. Full-length STX8 cDNA with a C-terminal HA epitope tag was cloned into the pCDNA3.1 and pmRFP-N1 expression vectors. All the TrkA STX8 deletion constructs and the TrkA TrkB chimeric constructs were generated by two-step PCRs. To knock down the expression of STX8, 19 nucleotides (5Ј-GACAGAACCTTCTGGATGA-3Ј) were targeted with siRNA using the pSuper expression vector (OligoEngine, Seattle, WA) with the red fluorescent protein (RFP) 2 sequence. The sequences of all of the constructs were confirmed by DNA sequencing.
Cell Lines and Dorsal Root Ganglia (DRG) Neuron Cultures-Human embryonic kidney cell line 293 (HEK293) cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) supplemented with 100 units/ml penicillin/streptomycin and 2 mM L-glutamine. Rat pheochromocytoma cell line 12 (PC12) cells were maintained in DMEM containing 5% FBS, 10% horse serum supplemented with 100 units/ml penicillin/ streptomycin, and 2 mM L-glutamine. The 615 cell line was PC12 cells stably expressing the TrkA receptor cultured as described previously (15) . DRG neurons were dissected from embryonic day 18 (E18) Wistar rats and grown in Neurobasal medium containing 2% B27 supplement (Invitrogen), 0.5 mM L-glutamine, 100 units/ml penicillin/streptomycin, and 50 ng/ml NGF at 37°C, 5% CO 2 , and 95% humidity. Proliferating cells disappeared after 3-4 days of incubation with ara-binofuranosyl cytidine, and more than 95% of the cells at 4 days in vitro were neurons.
Surface Biotinylation and Western Blot Analysis-Cell surface receptor biotinylation was performed in 615 cells as described previously (16) . Briefly, 615 cells were transfected with the indicated cDNAs by electroporation. 48 h later, serumstarved cells were washed twice with ice-cold phosphate-buffered saline (PBS) at pH 7.4 supplemented with 0.1 mM Ca 2ϩ and 1 mM Mg 2ϩ and then incubated with 300 g/ml sulfo-NHSbiotin in PBS to biotinylate surface proteins for 45 min at 4°C. Unreacted biotin was washed out with Tris-buffered saline (TBS). The cells were immediately lysed and precipitated with 20 l of immunopure immobilized streptavidin (Pierce) at 4°C overnight. Washed beads were eluted with SDS sample buffer, and eluted proteins were separated by SDS-PAGE and then blotted with a polyclonal anti-Trk (C-14) antibody. Immunoreactive bands were quantified using ImageJ (Scion, Frederick, MD).
For the cleavable surface biotinylation assay, surface receptors were biotinylated with sulfo-NHS-S-S-biotin at 4°C. After NGF treatment for 15 min, the internalization was terminated by washing with ice-cold TBS, and the remaining cell surface biotin was stripped with glutathione (17) . Then the cells were lysed, and the biotinylated proteins were precipitated with streptavidin beads and subjected to Western blotting.
PC12 Cell Fractionation Analysis-PC12 cells (80 -100 million) were collected by digesting with 0.25% trypsin and washed once with 1 mM EDTA in PBS and then with sucrose buffer (250 mM sucrose, 10 mM triethylamine, pH 7.4, and 1 mM EDTA). Next, the cells were homogenized on ice using ϳ30 strokes of a glass Dounce homogenizer in 0.5 ml of buffer (320 mM sucrose, 10 mM Hepes, pH 7.2, with protease inhibitors) and centrifuged at 500 ϫ g for 2 min. The post-nuclear supernatant was then subjected to fractionation by centrifugation at 105,000 ϫ g for 120 min in an SW60 Ti rotor (Beckman Instruments) and layered on a discontinuous sucrose density gradient (15, 30, 40, and 55% ). Fractions of 0.4 ml were collected from the top (designated fraction number 1 (top) to 13 (bottom) ). An aliquot of each fraction (50 l) was mixed with protein sample buffer and assayed by immunoblotting.
Immunocytochemical Staining and Microscopic Quantitative Analysis-Ratiometric fluorescence assays to measure the levels of the Trk receptors in the plasma membrane were performed as described previously (18) . In brief, PC12 cells were transfected with FLAG-Trk-GFP and STX8-HA in a 1:3 ratio using Lipofectamine 2000 (Invitrogen). 24 h later, the cells were fixed with 4% paraformaldehyde and stained with an anti-FLAG M2 monoclonal antibody under nonpermeabilizing conditions and then with an Alexa Fluor-594-conjugated goat antimouse secondary antibody (1:500; Invitrogen). Fluorescence images were acquired by a Nikon Eclipse TE 2000-U microscope, and the confocal fluorescence images were collected using a Zeiss LSM780 confocal microscope (Microstructural Platform of Shandong University). All of the images were collected by a 60 ϫ objective lens, and a quantitative analysis was carried out with MetaMorph software (Universal Imaging Corp., West Chester, PA). Relative surface receptor levels were defined as the ratios of surface Alexa Fluor-594/total GFP fluorescence intensity. Ratiometric fluorescence assays were performed to measure the internalization of FLAG-TrkA from the cell surface. After serum starvation for 12 h, PC12 cells transfected with FLAG-TrkA and other indicated cDNAs were incubated with the calcium-sensitive anti-FLAG antibody M1, which was conjugated to Alexa Fluor-488 for 1 h at 4°C. Then 50 ng/ml NGF was added for 15 min at 37°C to drive receptor internalization. After NGF incubation, cells were fixed with 4% paraformaldehyde and stained with Cy5-conjugated anti-mouse secondary antibody to label receptors that remained at the cell surface. Therefore, Alexa Fluor-488 M1-labeled FLAG-TrkA includes the internalized and the remaining TrkA at the cell surface, whereas Cy5-labeled FLAG-TrkA represents the remaining surface receptor. The staining intensity for each of the selected cells was measured by MetaMorph software. Meanwhile, cells without NGF incubation were used as a parallel control (100% surface control). The percentage of TrkA internalization was calculated from the Cy5/488 intensity ratio determined in the control condition according to the following formula: (1 Ϫ E/C) ϫ 100%, where E is the mean ratio for internalized group, and C is the mean ratio for 100% surface control group.
Immunohistochemistry-DRG (L4 and L5) were removed from adult rats, post-fixed at 4°C overnight, and cryoprotected in a 30% sucrose solution (in 0.01 M PBS, pH 7.4) at 4°C for 72 h. DRG were embedded in cryoembedding fluid, sectioned at 14-m thickness, and mounted directly onto slides. The sections were washed in PBS, and citrate-based "antigen retrieval" was performed. Briefly, the slides were heated in citrate buffer (0.1 M citrate buffer: 0.1 M sodium citrate buffer ϭ 1:4.6) and maintained at 92-98°C for 10 min. The sections were then cooled for 20 min and incubated with primary antibodies (rabbit anti-TrkA and mouse anti-STX8) at 4°C overnight after nonspecific binding was blocked by incubation in 3% normal goat serum in PBS with 0.3% Triton X-100 for 3 h. After three washes in PBS, the sections were incubated with corresponding secondary antibodies.
Lentiviral Supernatant Preparation and Cell Lentiviral Transduction-The STX8 and STX8⌬TM (1-648 bp) sequences followed by RFP sequence were cloned into the bidirectional pCCL lentiviral vector to produce pCCL-STX8 RFP and pCCL-STX8⌬TM RFP. pCCL-RFP was used as a control construct. The lentiviruses were produced by transient transfection of HEK293T cells using Lipofectamine 2000 with the pCCL constructs as well as with pMDLg/pRRE, pRSV-Rev, and pMDG-VSVG. After 48 h, the supernatant containing the lentivirus was collected and filtered through a 0.45-m filter. A total of 200 l of supernatant containing the lentivirus was added to the medium to transfect 1 ϫ 10 5 DRG neurons.
Animals, Vector Delivery, and the Formalin Test-All animal procedures were carried out with approval from the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the Institutional Animal Care and Use Committee of Shandong University. Male Wistar rats (200 -250 g) were housed under 12-h light/dark cycles with free access to food and water. The rAAV6 and rAAV8 vectors were produced by triple-plasmid transfection of 293T cells. rAAV6-siSTX8-ZsGreen and rAAV8-siSTX8-GFP were prepared at concentrations of 3 ϫ 10 12 and 5 ϫ 10 12 vector genomes/ml respectively. A total of ϳ1.5 ϫ 10 11 viruses were delivered into the cerebrospinal fluid through lumbar intrathecal injection through the L4/5 intervertebral space. After 4 weeks, immunohistochemistry of the DRG sections and animal formalin tests were performed. For the formalin tests, the rats were first habituated in the observation cages for 30 min. Then 50 l of a 5% formalin solution was subcutaneously injected into the right hind paw of each rat. The rats were then placed into a testing chamber with a plastic floor to allow an unobstructed view of the paws, and the licking activity was recorded for 60 min after injection on a videotape. The cumulative licking time was calculated and analyzed.
Statistical Analysis-Statistical significance was assessed using Student's t test or one-way analysis of variance (ANOVA) followed by post hoc tests. The data are presented as means Ϯ S.E., and a value of p Ͻ 0.05 was considered significant.
RESULTS

STX8 Associates with TrkA but Not TrkB Receptors-We
demonstrated that STX8 associates with TrkA receptors in a yeast two-hybrid assay by screening a rat DRG cDNA library using the intracellular domain of TrkA (amino acids 443-799) as the bait. A physical interaction between STX8 and TrkA was assessed by a co-immunoprecipitation (co-IP) assay in co-transfected HEK293 cells. STX8-HA was clearly detected in FLAG-TrkA immunoprecipitates but not in IP complexes of FLAG-TrkB, even though TrkA and TrkB are homologous ( Fig.  1A) , indicating that the association between STX8 and TrkA was specific. To examine whether this interaction could occur under physiological conditions and exclude the influence of protein overexpression, we performed endogenous co-IP assays with homogenates from DRG, which endogenously express TrkA, TrkB, and STX8. As shown in Fig. 1B , endogenous TrkA but not TrkB receptors co-immunoprecipitated with STX8.
Given that TrkA is selectively expressed in small-and medium-sized nociceptive DRG neurons (19, 20) , an immunohistochemical analysis was carried out to determine whether TrkA and STX8 are co-expressed in DRG neurons. As shown in Fig.  1C , all neurons with TrkA-positive staining also expressed STX8. Furthermore, in cultured DRG neurons, punctate staining of STX8 was found to be co-localized with TrkA (arrows in Fig. 1D ), thus supporting the co-IP analysis of the TrkA/STX8 association. Taken together, these data indicate that STX8 interacts with TrkA receptors in DRG neurons, and the interaction is specific to TrkA but not TrkB.
STX8 Regulates the Surface Levels of TrkA but Not TrkB Receptors-Because STX8, a member of the Q-SNARE subfamily, mediates the sorting and trafficking of cargo proteins (10), we questioned whether STX8 modulates the cell surface levels of TrkA receptors. Thus, gain-of-function and loss-of-function analyses were used to determine the effect of STX8 on cell surface levels of TrkA and TrkB. We first constructed FLAG-Trk-GFP receptors with a FLAG epitope at the extracellular N terminus and a green fluorescent protein (GFP) tag at the intracellular C terminus. The GFP had no effect on the TrkA/STX8 association ( Fig. 2A) . A ratiometric fluorescence assay was performed as described previously (18) to measure the surface levels of Trk receptors. The GFP fluorescence represented the total Trk amount, and the surface Trk was labeled with an anti-FLAG antibody under nonpermeabilizing conditions in transfected PC12 cells. Cell surface receptors were quantified by the fluorescence intensity of FLAG staining normalized to GFP intensity per cell to eliminate the effect of differential receptor expression levels. We observed that STX8 did not alter the total expression of TrkA; however, STX8 overexpression significantly increased the cell surface levels of TrkA but not TrkB receptors (Fig. 2 , B and C). Conversely, introducing STX8⌬TM, which lacks the hydrophobic transmembrane anchor as a dominant-negative form, significantly decreased the surface levels of TrkA but not TrkB receptors (Fig. 2, B and C). The regulation of Trk cell surface levels by STX8 was consistent with the association of STX8 with the Trk receptors. DRG neurons express both TrkA and STX8 at high levels ( Fig. 1 ), so next we performed the ratiometric fluorescence assay to measure the surface levels of Trk receptors in cultured DRG neurons to confirm the result acquired in PC12 cells. We found that STX8 overexpression resulted in a 1.27 Ϯ 0.11-fold increase, and STX8 inhibition caused a 0.74 Ϯ 0.06-fold reduction of the cell surface TrkA levels, although the cell surface TrkB levels remained unaffected (Fig. 2 , D and E), confirming the regulation of TrkA surface levels by STX8 in cultured DRG neurons.
These regulations were further complemented by the use of an siRNA-mediated expression silencing approach in PC12 cells. As shown in Fig. 2F , siSTX8 transfection efficiently knocked down endogenous STX8 expression but had no effect on the expression of an "siRNA-resistant" construct (rSTX8-HA) in PC12 cells. STX8 depletion by siRNA resulted in a reduction in TrkA cell surface levels according to the result of a ratiometric fluorescence assay, and this reduction could be rescued by rSTX8-HA ( Fig. 2G ). In contrast, siSTX8-mediated knockdown had no effect on the TrkB cell surface levels. A surface biotinylation assay was employed in PC12 cells that stably overexpressed TrkA (615 cells) and confirmed our previous quantitative fluorescence results that STX8 overexpression increased while its inhibition decreased the cell surface levels of the TrkA receptors (Fig. 2H ). The surface biotinylation assay was also performed under endogenous TrkA expression conditions in DRG neurons. We first generated lentivirus harboring STX8-RFP, STX8⌬TM-RFP, or control RFP and infected DRG neurons with these lentiviruses to overcome the drawback of low transfection efficiency. Statistical analysis of the biotinylation assay yielded a similar result as that in 615 cells; STX8 overexpression positively regulated the cell surface levels of TrkA, although STX8⌬TM had the opposite effect ( Fig. 2I ). These results suggested that STX8 specifically regulates TrkA but not TrkB cell surface levels in both PC12 cells and DRG neurons.
TrkA C Terminus Is Necessary and Sufficient for the TrkA/ STX8 Interaction-To identify the domain of the TrkA receptor responsible for the STX8 association, we generated a series of mutants (TrkA⌬CT, TrkA⌬TK, TrkA⌬JM, and TrkA⌬EX) in which various domains were deleted from full-length TrkA as follows: the C-terminal domain (CT), kinase domain (TK), juxtamembrane domain (JM), and extracellular domain (EX), respectively. The co-IP assay in HEK293 cells indicated that STX8 was detected in the IP complexes of all TrkA-deleted mutants except for TrkA⌬CT, which carried the CT (amino acids 786 -800) deletion, suggesting that STX8 may interact with the TrkA CT (Fig. 3, A and B) . To confirm this result, we replaced the CT region of TrkB with that of TrkA to generate the TrkB Act chimera, and we observed that this protein significantly associated with STX8 ( Fig. 3, C and D) . In contrast, the TrkA Bct mutant, which consisted of the CT domain of TrkB replacing that of TrkA, lost the interaction with STX8 ( Fig. 3, C and D) . These observations suggested that the CT domain is necessary and sufficient for TrkA to interact with STX8. We further investigated whether STX8 regulates the surface levels of the Trk chimeras. By the ratiometric fluorescence assay, we observed that STX8 overexpression increased the surface levels of the TrkB Act but not the Trk-A Bct chimera in transfected PC12 cells (Fig. 3E) , which sug- JULY 11, 2014 • VOLUME 289 • NUMBER 28
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gested that STX8 regulates TrkA surface levels via its interaction with the TrkA CT domain.
STX8 Facilitates TrkA Surface Targeting via the Post-biosynthetic Pathway-As the surface levels of TrkA depend on insertion and endocytosis, opposite receptor trafficking processes, we next sought to determine which process STX8 regulates. We first performed a ratiometric fluorescence assay measuring the internalization of the TrkA receptor as described under "Experimental Procedures" to investigate the effect of STX8 on TrkA internalization. We found that after 15 min of NGF stimulation, ϳ50 Ϯ 2% of surface TrkA was internalized, and the internalization of TrkA remained unaffected under STX8 overexpression or knockdown conditions (Fig. 4, A and B) , suggesting that STX8 is not involved in TrkA internalization. To further confirm this result, a cleavable surface biotinylation assay was per-formed in 615 cells to measure TrkA internalization. We acquired a similar result as the ratiometric fluorescence assay that ϳ56 Ϯ 9% of surface TrkA was internalized (Fig. 4, C and  D) , which is unaffected by STX8 expression, confirming that STX8 is not involved in TrkA internalization. Moreover, previous studies have shown that the internalization of TrkA depends on dynamin, which functions in vesicle scission during clathrin-mediated endocytosis (21) . A dominant-negative form of dynamin (Dynamin-K44A, DN-dynamin) can be used to suppress TrkA internalization (22, 23) . Therefore, we examined whether STX8 still regulated TrkA surface levels when TrkA internalization was blocked. By the surface biotinylation assay, we found that blocking internalization by DN-dynamin in 615 cells led to an increase in the cell surface levels of TrkA receptors, and STX8 still regulated TrkA surface levels (Fig. 4 , E and F). When TrkA internalization was blocked, the cell surface receptors were regulated only by the biosynthetic pathway. Therefore, these results suggest that STX8 modulates TrkA surface levels via the post-biosynthetic but not the endocytic pathway.
STX8 Promotes TrkA Export from the Golgi-Newly synthesized proteins destined for the plasma membrane were inserted co-translationally into the endoplasmic reticulum (ER); after their correct folding, they were transferred to the Golgi apparatus where they were modified and sorted for transport to the plasma membrane. To further investigate whether STX8 regulates TrkA ER-to-Golgi trafficking or post-Golgi sorting, we first examined whether STX8 overexpression or knockdown affected the TrkA localization in the ER or the Golgi in PC12 cells by detecting the immunofluorescence co-localization between TrkA and the ER marker calnexin or the TGN marker TGN38 (Fig. 5, A and C) . The co-localization was quantified using the MetaMorph "correlation plot" module, and the values of the correlation coefficients (CC) were calculated. The theoretical range of values of the CC is Ϫ1.0 to ϩ1.0. The value of 1.0 indicates perfectly correlated data, which only occurs if the two images are identical. A CC of Ϫ1.0 occurs only in the case of an inverse relationship in intensity between the two images. The co-localization CCs between TrkA and calnexin showed no sig- nificant difference between the three groups (Fig. 5B) . However, the co-localization of TrkA and TGN38 was poorer in the high STX8 expression group, although it was better in the STX8-depleted group (Fig. 5D ). These data suggested that STX8 regulated TrkA location in Golgi apparatus.
These results were further confirmed using a biochemical approach. We performed a sucrose density gradient centrifugation assay to separate organelles in PC12 cells and used GM130 and calnexin to identify Golgi-and ER-enriched fractions, respectively (Fig. 5E ). We observed that GM130 was present mainly in fractions 1-4, and calnexin mainly existed in fractions 5-11. By quantifying the TrkA percentage in each gradient fraction ( Fig. 5F ) and in the Golgi-or ER-enriched fractions (Fig. 5G ), we found that there was no significant difference in TrkA levels in the ER-enriched fractions among the three groups; however, the TrkA percentage in the Golgi-enriched fraction was reduced in the STX8 overexpression group and increased in the STX8 depletion group compared with the control group (Fig. 5G ). Therefore, these results indicate that STX8 promotes TrkA export from the Golgi apparatus and its targeting to the plasma membrane, thus increasing the TrkA surface levels. In contrast, STX8 depletion leads to the retention of TrkA in the Golgi apparatus.
STX8 Modulates NGF-induced Downstream Signaling and DRG Neuron Survival-Changes in cell surface receptor levels could lead to altered responses of the cells to the corresponding ligands. What are the functional consequences of STX8-regulated TrkA cell surface localization? To answer this question, we first examined the effect of STX8 on NGF-induced signal transduction. After serum starvation for 12 h, 615 cells were incubated with NGF (50 ng/ml) for 10 or 60 min. We observed that STX8 overexpression enhanced NGF-induced activation of the TrkA receptor and the downstream MAPK/ERK1/2 and PI3K/Akt signaling pathways by detecting the levels of phospho-TrkA, phospho-ERK1/2, and phospho-Akt; in contrast, siRNA-mediated knockdown of STX8 attenuated NGF-induced signaling (Fig. 6, A and B) . These data suggest that STX8 regulates NGF-induced downstream signaling by modulating the TrkA cell surface levels.
DRG neurons depend on neurotrophin signaling for their survival. Trk receptors mediate the responses of DRG neurons to neurotrophins, and the majority of DRG neurons expresses at least one member of the Trk family. TrkA is expressed predominantly in small-and medium-sized neurons, whereas TrkB is expressed in large neurons (24) . Trk expression in a particular class of DRG neurons determines the neurotrophin dependence of that class during development (25) . Therefore, NGF-dependent and BDNF-dependent DRG neurons are generated. Because STX8 modulated the surface levels of TrkA but not TrkB receptors, we examined the effect of STX8 on the survival of the two types of DRG neurons. We first filtered the NGF-and BDNF-dependent cultured DRG neurons as described previously (26) and synchronously infected these neurons with lentiviruses harboring RFP, STX8-RFP, or STX8⌬TM-RFP. Apoptotic neurons were detected using TUNEL staining after the corresponding neurotrophin in the medium was switched to 1.25 ng/ml for 24 h (Fig. 6C) . We observed that neurons in the control group showed ϳ66 Ϯ 4% apoptosis upon the addition of the low concentration of neurotrophins. The percentage of apoptotic NGF-dependent neurons was markedly reduced to 50 Ϯ 4% in the STX8-overexpressing cells (Fig. 6D) . Concomitantly, in the STX8⌬TMinfected cells there was a significant increase (84 Ϯ 8%) in the apoptotic NGF-dependent neurons. Conversely, STX8 had no effect on the apoptosis of BDNF-dependent DRG neurons (Fig.  6D) . Previous studies suggested that cleaved caspase-3 plays an important role in apoptotic death of neurons induced by NGF deprivation (27) , so cleaved caspase-3 was detected by Western blotting in filtered DRG neurons to confirm the result of the TUNEL staining. As shown in Fig. 6E, STX8 overexpression reduced the levels of cleaved caspase-3, although STX8 inhibition had the opposite effect in NGF-dependent DRG neurons but not in BDNF-dependent neurons. Together, these observations suggest that STX8 regulates NGF-induced signaling and specifically affects the survival of NGF-dependent DRG neurons.
STX8 Depletion in TrkA-positive DRG Neurons Relieves Inflammatory Pain in Vivo-The NGF-TrkA pathway appears to play a pivotal role in the generation and maintenance of several types of acute and chronic pain (28) . On this basis, both the NGF and TrkA receptors are eligible targets for pain therapy (29 -31) . Given that STX8 could modulate TrkA cell surface trafficking and influence NGF-TrkA signaling, we sought to examine whether STX8 depletion in DRG neurons has analgesic potential in a rat inflammatory pain model.
rAAV6 has been used successfully as a vehicle to deliver genes to DRG neurons by intrathecal administration, and more than 70% of rAAV6-infected neurons were small or medium (Ͻ700 m 2 ) (32). The rAAV6-delivered gene and the TrkA receptor were co-labeled; thus, we knocked down STX8 expression in rat DRG neurons by rAAV6-mediated RNA interference. Meanwhile, rAAV8 is considered to preferentially target large diameter DRG neurons (33, 34) , so we used rAAV8 as a control to infect TrkA-negative neurons. rAAV6-siSTX8-ZsGreen and rAAV8-siSTX8-GFP were intrathecally injected into the cerebrospinal fluid through the L4/5 intervertebral space. At 4 weeks post-injection, the DRG (L4 and L5) were removed from the injected rats, and by epifluorescence observation, we found that the delivery resulted in efficient transduction of the genes to DRG neurons (Fig. 7A, panel a) . From immunohistochemical staining, we observed that ZsGreen was co-expressed with ␤III-tubulin, a neuron marker (Fig. 7A, panel  d) , and the infected DRG neurons expressed TrkA receptors (Fig. 7A, panel b) . rAAV8-infected neurons were all TrkA-negative neurons (Fig. 7A, panel e ). The STX8 staining revealed that STX8 expression was knocked down in the infected DRG neurons (Fig. 7A, panel c) .
The formalin test that has been widely used to study inflammatory pain (35) was carried out to detect the effect of STX8 on inflammatory pain at 4 weeks post-injection of rAAV. 50 l of 5% formalin solution was subcutaneously injected into the plantar aspect of the right hind paw of the rats. Formalin injection resulted in the typical biphasic paw-licking response in the injected paw. The early short lasting phase (phase I, 0 -10 min) is thought to result from direct activation of nociceptors, and the delayed second phase (phase II, 10 -60 min) seems to result from an inflammatory response (35) . The cumulative time spent in spontaneous paw-licking behavior in phases I and II was calculated. As shown in Fig. 7B , in phase I no significant difference in paw-licking time was observed between the STX8 deletion group and the control group, whereas in phase II, rAAV6-siSTX8-injected rats spent less time (301 Ϯ 28 s, n ϭ 12) in spontaneous pain behavior than control rats (477 Ϯ 56 s, n ϭ 8). The time course curves of paw-licking behavior in 5-min intervals showed two obvious phases in the formalin test, and in phase II, a decreased response could be observed in rAAV6-siSTX8-injected rats (Fig. 7B) . Conversely, rAAV8-mediated STX8 silencing in TrkA-negative neurons had no effect on formalin-induced paw-licking ( Fig. 7C) , which excludes the possi-bility that the behavioral changes in rAAV6-injected rats were caused by STX8 knockdown in TrkA-negative neurons. These data suggest that STX8 depletion in TrkA-positive DRG neurons could induce analgesic effects in the formalin-induced inflammatory pain response.
To investigate whether the STX8 depletion decreases TrkA surface levels in vivo and leads to the analgesic effects, a biochemical approach was used after the formalin test. The bilateral DRGs (L4 and L5) of tested rats injected with rAAV6 were homogenized for Western blot analysis. The ipsilateral DRGs were those on the same side as the formalin injection, and the contralateral DRGs were those on the opposite side of the formalin injection, which were used as negative controls. The knockdown of STX8 did not influence the total TrkA levels; however, formalin injection resulted in an increase in phospho-TrkA levels on the ipsilateral side of the DRGs, which was consistent with the concept that the NGF-TrkA signal plays an important role in inflammatory pain transmission ( Fig. 7D ) (28) . In the presence of inflammatory stimuli, NGF activates TrkA in surface membranes of peripheral terminals, and the NGF-TrkA complex is transported to the cell bodies of DRG neurons. It then activates transcription factors and controls downstream gene expression. Thus, phospho-TrkA levels could indirectly reflect the surface TrkA levels in DRG neurons in the inflammatory response. STX8 depletion resulted in a reduction in phospho-TrkA levels on both sides compared with their respective control groups (Fig. 7D) . These results suggest that pain attenuation following STX8 depletion was associated with a decrease in NGF-TrkA signal activation.
DISCUSSION
A neuron's response to neurotrophins requires Trk receptors localized at the cell surface. Therefore, TrkA localization plays an important role in NGF-TrkA signaling and function; however, the underlying mechanism of TrkA surface targeting remains poorly understood. This study identified STX8 as a novel regulator of the cell surface localization of TrkA but not the TrkB receptor by facilitating TrkA Golgi-to-plasma membrane trafficking.
Our studies provide several novel insights into the regulation of TrkA cell surface levels and its physiological relevance. First, we found that STX8 is involved in modulating cell surface levels of TrkA but not TrkB receptors. An amino acid sequence analysis revealed that TrkA and TrkB are highly homologous, and the peptide sequences of the cytoplasmic domain are 67% identical (36) . Because of high homology, TrkA and TrkB possess many similar characteristics; for example, they have similar signal transmission and biological functions. However, many studies have shown that TrkA and TrkB exhibit differential trafficking regulation mechanisms. For example, they are regulated differently by ubiquitination (26, 37) . TrkA receptors associate with an E3 ubiquitin ligase, Nedd4-2, through a PPXY motif leading to ubiquitination and subsequently degradation. In contrast, TrkB is not ubiquitinated by Nedd4-2 due to the lack of a consensus PPXY motif. In addition, a previous study reported that TrkA and TrkB are transported through divergent endocytic trafficking pathways (15) . TrkA receptors predominantly cycle back to the cell surface in a ligand-dependent manner, whereas TrkB is predominantly sorted to the degradative pathway. The different trafficking pathways resulted from the specific sequences in the juxtamembrane regions of the receptors. In our study, we found that STX8 associated with TrkA, but not TrkB receptors, via the TrkA CT domain and regulated TrkA post-biosynthetic trafficking. The TrkA CT domain seems to be necessary and sufficient for the interaction with and the regulation by STX8. Similarly to Nedd4, STX8 specifically regulated the survival of NGF-dependent DRG neurons ( Fig. 6) , which is consistent with its specific regulation of the cell surface trafficking of the TrkA receptors.
Second, we found that STX8 promotes TrkA export from the Golgi apparatus to the plasma membrane. The syntaxins, as members of the Q-SNARE subfamily, are well characterized for their roles in intracellular vesicle trafficking (10) . Previous studies have shown that STX8 resides in the TGN, early endosome, and late endosome compartments (38, 39) and mainly regulates late endosome fusion with the lysosome or homotypic lysosome fusion (10). Bilan et al. (14) reported that STX8 overexpression reduces cell surface cystic fibrosis transmembrane conductance regulator levels. Conversely, our study found that STX8 modulates TrkA Golgi-to-plasma membrane trafficking and enhances TrkA cell surface levels. Although this process differs from the STX8-mediated classical endosomal trafficking, there are several pieces of data that support it. First, STX6 and STX10, STX8 homologues, are localized primarily in the Golgi apparatus and are involved in the transport of molecules to and from the Golgi apparatus (10, 40) . For example, STX6 has been reported to regulate VEGFR2 trafficking through the Golgi apparatus en route to the plasma membrane (13) . STX8 also partially localizes to the TGN, so it is possible that it functions in TGN trafficking. Second, the function of SNARE molecules in protein trafficking is complicated. The same family member could be involved in several trafficking events. For example, the Q-SNARE SNAP-25 plays critical roles not only in NMDA receptor insertion (41) but also in the internalization of kainate receptors (42) . Therefore, it is possible that STX8 is involved in post-biosynthetic trafficking in addition to classical endosomal trafficking. In our study, STX8 overexpression reduced TrkA levels in the Golgi, and conversely, STX8 knockdown resulted in the accumulation of TrkA in the Golgi (Fig. 5 ), which indicates that STX8 promotes TrkA export from the Golgi apparatus. However, we still do not know how STX8 functions in Golgi-related trafficking and whether there is an STX8-independent mechanism involved in the process.
Finally, we found that STX8 is involved in NGF-mediated biological functions. We confirmed that STX8 modulates TrkA-mediated downstream Akt and ERK pathway activation (Fig. 6A ). The activation of the PI3K/Akt and MAPK/ERK1/2 pathways is responsible for the NGF-TrkA survival activity (43) . Thus, STX8 could modulate the survival of NGF-dependent DRG neurons. Interestingly, STX8 has no effect on the survival of BDNF-dependent DRG neurons ( Fig. 6 ), which is consistent with our result that STX8 regulates the cell surface levels of TrkA but not TrkB receptors. The DRG play critical roles in pain sensitivity and transmission to the CNS. NGF binds a terminal surface TrkA in DRG neurons, and NGF-TrkA signaling activates transcription factors, resulting in increased synthesis of certain pain-related proteins, including transient receptor potential vanilloid 1, voltage-gated sodium and calcium channels, and bradykinin receptors (28) . Because the NGF-TrkA system is functionally placed upstream of many different molecular partners in the transmission of inflammatory pain, NGF and TrkA receptors are eligible targets for pain therapy. Previous studies have proposed several antagonists of NGF-TrkA signaling as potential analgesics, such as anti-NGF and TrkA antibodies, TrkA-IgG fusion proteins, and small molecular inhibitors of TrkA (28, 31) . In our study, we found that STX8 knockdown via rAAV6-siSTX8-mediated silencing in rat DRG reduced TrkA activation and appeared effective in the relief of inflammatory pain in vivo; the paw licking behavior recorded in phase II in the formalin pain model was significantly reduced (Fig. 7) . The analgesia resulting from STX8 depletion may be due to the reduction in TrkA receptors on the membranes of DRG peripheral terminals. Our discovery further validates TrkA as a clinically relevant target.
In conclusion, we identified STX8 as a molecular determinant of TrkA trafficking from the Golgi to the plasma membrane. This finding suggests a novel regulatory mechanism of TrkA trafficking and function, especially in TrkA-mediated pain transmission, which may help us develop new analgesic drugs that antagonize NGF function.
